SUMMARY: A strain of Arthrobacter globiformis grew on a glucose + ammonium + salts medium (pH 7) when this was supplemented with biotin ( l O -e~) . Maximal and most rapid growth was obtained by aerobic incubation in shaken culture at 30". A variety of sugars, sugar alcohols, dicarboxylic acids, some amino acids and miscellaneous compounds could replace the glucose in this medium, but various aromatic compounds, purines, pyrimidines and other amino acids did not support growth, though several of these substances were oxidized by washed suspensions. The organism was an obligate aerobe whose terminal electron transport was mediated by a cytochrome system. Enzymic analysis showed that glucose could be metabolized by the hexose monophosphate oxidation and Embden-Meyerhof pathways. No direct oxidation of glucose to gluconic and 2-oxogluconic acids, and no Entner-Doudoroff pathway for the utilization of 6-phosphogluconate were demonstrable. Studies with differently [L4C]-labelled samples of glucose confirmed these findings and showed that in suspensions of organisms depleted of endogenous metabolites, the EmbdenMeyerhof pathway was fully functional, accounting for c. 65 yo of glucose utilization, the remaining 35% proceeding by way of the hexose monophosphate cycle. The pyruvate so formed was normally further oxidized by the tricarboxylic acid cycle. The growth yield of A . globifomis on limiting amounts of glucose was no greater than that of Escherichia coli under the same condition. These observations are considered in relation to the allocation of A. globifomis in the autochthonous group of soil micro-organisms.
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Arthrobacter globiformis is the type species of a comparatively recently distinguished genus of soil coryneform bacteria (Conn & Dimmick, 1947) . The biochemistry of members of this genus has been little studied apart from some early observations of the then Bacterium globijbrmis which chiefly served to emphasize its ready growth on simple media, 'physiological instability ' and economical use of substrates (Conn, 1928 Taylor, 1938) . Studies of various aspects of the metabolism of other species have generally been made with organisms which were electively isolated from soil by virtue of their ability to oxidize a certain substrate and were only subsequently and incidentally identified as members of the genus Arthrobacter (Dubos & Miller, 1937;  Adams, 1954;  Sacks, 1954;  Sguros, 1955) . Apart from the results obtained with Corynebacterium creadinovorans (now Arthrobacter ureufuciens) by Krebs & Eggleston (1939) and Ghiretti & Barron (1954) , such studies have little advanced knowledge of the general characteristics of the genus. A detailed study of the general metabolism of the type species might reveal properties other than the tendency to coccoid (' arthrospore') formation which could serve to demarcate the genus more certainly from other genera of similar morphology. The routes whereby glucose is J . G . Morris containing 500 ml. medium were inoculated with about 2 x 108 organisms and incubated on a rotary shaker (New Brunswick Scientific Co., New Brunswick, N.J., U.S.A.) a t 200 rev. of radius 1.75 cm./min.
Assessment ofgrowth. The extent of growth was measured with an EEL photoelectric colorimeter (Evans Electroselenium Ltd., Hals tead, Essex) with a neutral density filter; the uninoculated medium was used to give the zero setting. The cross-arms of the 16 mm. 1-tubes were constructed to fit the instrument; samples of other cultures were assessed in 6 mm. tubes. The relation between instrument reading and dry weight for organisms in the corynefonn and coccoid stages of growth differed little and was linear up to a reading of 35-40; a reading of 20 was equivalent to 0-5 mg. dry wt./ml.
Preparation of cell-free extracts. To prepare cell-free extracts of organisms, washed suspensions (SO0400 mg. dry wt. in 10 ml.) were subjected to ultrasonic vibration (25 kc./sec. for 15 min.) in a 50 ml. stainless steel conical flask transducer. The generator was Mullard Type E 7590/B (Mullard Electronic Equipment, London). The exterior of the flask was cooled with running water so that its contents remained at less than 2 0 ' throughout. Undisrupted organisms and debris were removed by centrifugation (20,000 g for 15 min.) at 0".
Chemicu.2 estimations. Ammonia was determined by a modification of the hypochlorite-phenate method (Russell, 1944) ; glucose by the Nelson modification of the Somogyi method (Nelson, 1944) ; pyruvate was first converted to its 2:4-dinitrophenylhydrazone (Friedemann & Haugen, 1943) . The Dische (1958) modification of the orcinol reaction was used for the estimation of pentoses. Assay of inorganic phosphate was performed by the method of Berenblum & Chain (1988). Porphyrins were measured spectrophotometrically in acid solution (Lascelles, 1956) . Protein was determined by the FolinCiocalteau procedure (Lowry, Rosebrough, Farr & Randall, 1951) . Triose phosphate was estimated as alkali-labile organic phosphate, i.e. that inorganic phosphate liberated by N-KOH (20 min. a t room temperature).
Enxyme estimations. Kinase activity was usually measured manometrically (Wood, 1955), but hexokinase was also assayed by following reduction of triphosphopyridine nucleotide (TPN) spectrophotometrically at 340 mp (Wood & Schwerdt, 1953) ; this method was also used for estimation of glucose-6-phosphate dehydrogenase, 6-phosphogluconic dehydrogenase and phosphohexose isomerase (Dawes & Holms, 1958 a) . Glyceraldehyde-3-phosphate dehydrogenase was similarly assayed by following the reduction of diphosphopyridine nucleotide (DPN; Dawes & Holms, 1958a). Aldolase was assayed by measurement of triose phosphate production from fructose-l:6-diphosphate by cyanide-treated extracts (Taylor, 1955) . Lactic dehydrogenase activity was measured by following ( a ) anaerobic reduction of methylene blue (Dixon, 1955) , or (b) evolution of CO, when the following were incubated together a t 25O in 5 yo (v/v) CO, in N, (, umole/3 ml.) of that with glucose). After this time, the organisms were again harvested and washed. A steady stream of C0,-free air was bubbled through a suspension of these endogenously-depleted organisms (equiv. 600 mg. dry wt.) in 10 ml. of 0*05~-phosphate buffer (pH 7.0) containing 2 pmole arsenite and 100 ,urnole of [14C]glucose of known specific activity. Samples were withdrawn at intervals during the course of incubation at 25". Pyruvate formation and glucose disappearance were assayed, and the 14C assimilation by the organisms and the specific activity of the pyruvate were determined. Glucose. Samples of aqueous solutions were plated directly and carefully dried under an infrared lamp.
Isotopic methods
Pyruvate. This was isolated as its 2:4-dinitrophenylhydrazone and purified from traces of a-oxoglutaric 2:4-dinitrophenylhydrazone by elution of the two main bands obtained by ascending chromatography on Whatman no. 4 paper in the solvent of Dagley, Fewster & Happold (1952 and E , , = 1.52 x 1 0 4 (Goodwin & Williams, 1952) .
Carboxyl labelling of pyruvate. Pyruvic 2:4-dinitrophenylhydrazone was oxidized with acid permanganate (Krebs, 1938) and the ' *CO, trapped in 0.5N-NaOH in vmuo.
l4CO2. After absorption in alkali this was precipitated as [14C]BaC0, which was then plated on planchettes by filtration (Sakami, 1955 iMiscellaneous. Oxygen uptake and carbon dioxide evolution were measured by the usual manometric procedures. Ultraviolet absorption measurements were made using 1 cm. silica cuvettes in the Unicam Model SP500 spectrophotometer (Unicam Instruments Ltd., Cambridge).
RESULTS

Nutritiooi
Growth of the strain of Arthrobmter globiformis used was only obtainable in media containing biotin (10-8~). The optimal temperature for growth was about 3 0 ' ; good growth took place at 25' which was used routinely for purposes of comparison with other soil bacteria (Fig. 1) . The degree of aeration of the culture had a profound effect on the rate and extent of growth. Under strictly anaerobic conditions no growth was possible. In static liquid culture growth was feeble and the medium became highly viscous, possibly due to the production of extracellular polysaccharide. Best growth occurred in shaken liquid culture or on the surface of solid media.
Both ammonium and nitrate ions were utilized as sources of nitrogen but urea supported only limited growth (equiv. O4mg. dry wt./ml.). Many compounds were utilized in place of glucose as sole source of carbon (Table 1) . In citrate medium only poor growth was obtained (equiv. 0.2 mg. dry wt./ml.) but this was possibly due to the sequestration of ions, for the culture was of abnormal appearance, the organisms being much elongated, markedly clubbed and aggregated in stellate clusters. Media in which one of a number of amino acids served as sole source of both carbon and nitrogen supported good growth of the organism ( > equiv. 1-2 mg. dry wt./ml.) ( Table 1) . Creatine or hypoxanthine supported slight growth though other purines were not attacked.
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Glucose proved to be one of the best carbon sources, the p H value of the medium not changing significantly throughout growth.
Oxidative ability of glucose-grown organisms
Washed suspensions of Arthrobacter globiformis harvested from medium B agar and suspended in 0*05~-phosphate buffer (pH 7) oxidized a great variety of compounds. These included several substances which were not able to support growth of the organism, some being utilized only after lag periods suggestive of inducible enzyme formation. Some representative Qo, values are listed in Table 2 . The suspensions used routinely were of the coryneform organisms produced by growth for 40 hr. at 25'. Coccoid forms were predominant in older (7-to 10-day) cultures but the oxidative activity of these did not differ markedly from that of younger organisms. Many hexoses were oxidized without delay, e.g. mannose, fructose, galactose, sorbose. Some pentoses were utilized only after a lag (L-arabinose, D-xylose, the methylpentose rhamnose), while others were not attacked at all (D-arabinose). Of the disaccharides sucrose but not lactose was readily oxidized. The sugar alcohols mannitol, sorbitol, dulcitol and glycerol were all utilized. All those amino acids which could support growth of Arthrobacter globiformis were oxidized by glucose-grown organisms as were several which would not serve as combined carbon and nitrogen source for growth (tyrosine, phenylalanine, threonine, serine, citrulline and ornithine) ; amongst others that were not i'Metnt/olisnz of Arthrobacter globiformis 571 attacked were hydrosyproline, tryptophan and glycocyamine. Pyrimidines were not oxidized but certain purines were, though after some delay (guanine, xanthine, uric acid). Aromatic compounds such as benzoic and mandelic acids arid catechol were not attacked nor were the dicarboxylic glutaric, adipic and pimelic acids, though short-chain fatty acids such as propionic and butyric acid were slowly oxidized. 
Term i w 1 respiration
The cytochrome content of organisms grown on medium B was markedly greater than that of those harvested from medium B not containing ferric chloride. Four absorption bands were visible when thick suspensions or extracts of the organism treated with dithionite were examined in the hand 
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spectroscope. The strongest of these was that of a b-type cytochrome (at 560mp) the others being less distinct at about 530-540, 590-600 and 620-630 mp. Respiration of suspensions was almost completely inhibited by 10-3n~-cyanide and it seems likely that cytochromes mediate the ultimate transfer of electrons in this organism. Porphyrilz production. Resides containing cytochromes the organism was strongly catalase-positive, and under certain cultural conditions excreted porphyrin (mainly coproporphyrin 111) in quite large amount. Omission of iron from the medium increased the yield of porphyrin (cf. Lascelles, 1956) which was also greater when the basal medium was supplemented with casein hydrolysate (Table 3 ). The degree of aeration greatly influenced porphyrin production ( Table 3) . Cultures of Arthrobacter globi$ormis incubated with shaking but under conditions of limited aeration in medium B + casein hydrolysate but without iron produced free porphyrin up to 50 pmmole/ml., imparting a deep red colour to the medium.
Netabolism of glucose
In an early study of BacteriuirA globifor?12is i t was reported that the organism was particularly efficient in its utilization of glucose. Few if any side products were excreted in a series of experiments in which between 80 and 130% of supplied glucose was accounted for as cell substance + CO, (Conn & Darrow, 1935 ). An unusually efficient utilization of glucose, if confirmed, might result from the participation of a novel pathway in its metabolism or might be due to more efficient operation of routes common to more profligate organisms. These possibilities were investigated. Routes of glucose utilization Glucose was not utilized anaerobically by washed suspensions of Arthrobac& globqormis. Similarly, no CO, evolution occurred when whole organisms or ultrasonic extracts were incubated anaerobically with glucose in bicarbonate buffer. Aerobically, washed suspensions rapidly oxidized glucose ( Qfe0 = 22) with an K.Q. of 1.0. Only about 2 mole 0, were utilized for each mole glucose which disappeared from the medium. No major product other than carbon dioxide was detected ; it was concluded that appreciable glucose assimilation was occurring. Thus dinitrophenol ( 1 0 -3~) increased the 0, uptake to 4-5 mole/mole glucose utilized. Glucose assimilation determined under these conditions with [U-14C]glucose was found in fact to account for the bulk of the glucose utilized. Oxidation of glucose by washed suspensions of the organism was inhibited by arsenite, 5 x 104hr causing 50 yo inhibition of 0, uptake. Under these conditions the pH value of the medium was decreased by the accumulation of pyruvic acid together with trace amounts of a-oxoglutaric acid. Virtually all (96%) of the supplied glucose could be accounted for as assimilated material, liberated CO, and excreted pyruvate ( Table 5 ) . It thus appears that all routes of glucose utilization in the organism lead to pyruvate. At least four pathways have been demonstrated to effect this conversion in various aerobic bacteria (Fig. 2) 
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grow on 2-oxogluconate though it could use gluconate as sole carbon source for growth. Extracts of gluconate-grown organisms possessed gluconokinase activity which was not demonstrable in similar extracts of glucose-grown organisms (Fig. 8), i.e. the gluconokinase is an inducible enzyme. The nonproduction of gluconokinase during growth of the organism on glucose suggests that free gluconic acid is not a major intermediate in its metabolism. It was concluded that direct oxidation makes no significant contribution to glucose utilization in A. globifmis.
Phoyho ylative pathways. The rate of glucose oxidation by A4rthrobacter globifmis was much decreased by dialysis for 12 hr. of a washed suspension of organisms against running distilled water. Addition of inorganic phosphate accelerated subsequent utilization of added glucose by these organisms. Ultrasonic extracts of A. globij'mis harvested from lactate, gluconate or glutamate media, as well as from glucose medium, possessed a potent hexokinase which appeared to be constitutive and could undertake the primary phosphorylative step in glucose metabolism in this organism (Fig. 3) . The product (glucose-6-phosphate) might then be converted to pyruvate by the Embden-MeyerhofParnas (Em) pathway or it might have to undergo preliminary oxidation to give 6-phosphogluconate.
Emb&wAUeyerhof-Pam~m pathway. Ultrasonic extracts of glucose-grown
Arthrobacter globiformis produced pyrnvate from : ( a ) 3-phosphoglyceric acid + ADP; (b) fructose-l:6-diphosphate + ADP; ( c ) glucose + ATP, when incubated in phosphate buffer containing DPN + arsenite (Table 6 ). From the ability of these extracts to convert 3-phosphoglyceric acid to pyruvate it was assumed that they contained those enzymes usually responsible for carrying out this conversion, i. glucose into a fraction which was co-precipitated (as the barium salt) with carrier fructose-1 : 6-diphosphate added to subsequently prepared ultrasonic extracts of these organisms. The specific activity of the product remained practically unchanged after purification by reprecipitation from cold ethanol.
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The probable operation of the E M P pathway in this organism was further suggested by the inhibitory action of iodoacetate (2 x ~W M ) which caused 72 yo inhibition of glucose oxidation (Table 7) . However, high concentrations of fluoride were completely without effect ( Table 7) . A similar finding with Sarcina lutea gave rise to the suggestion that the enolase of this latter organism might be activated by manganese ions (Dawes & Holms, 1 9 5 8~) . Of particular interest in view of the inability of extracts of Arthrobacter globifomis to ferment glucose anaerobically was their possession of a DPNlinked glyceraldehyde-&phosphate dehydrogenase and of a lactic dehydrogenase which could utilize ferricyanide or methylene blue, but not DPN, as hydrogen acceptor. Mere addition of muscle lactic dehydrogenase, however, did not initiate glycolysis by these extracts. Wavelength (mr) Wavelength (mr) Wavelength (mr) Fig. 4 . Absorption spectra of colours given in the orcinol reaction by samples withdrawn a t start and after 60 min. a t 25O from: A, suspcnsion of organisms (25 mg./ml.) with lo-2iw-glucose ; B, extract (10 mg./ml. protein) with 1 0 -2~-6 -P 0 4 -g l~~~n a t e ; C, extract (10 mg./ml. protein) with 3.8 x 10-8~-ribose-5-P0,.
Pathways from 6-phosphogluconate. Extracts of glucose-grown Arthrobacter globiformis contained a TPN-dependent glucose-6-phosphate dehydrogenase. The 6-phosphogluconate so formed might be further utilized by at least two routes (Fig. 2) .
In the Entner-Doudoroff pathway 6-phosphogluconate is dehydrated to 2-keto-3-deoxy-6-phosphogluconate which is then split to pyruvate and triose iTletabolisrr~ of Arthrobacter globiformis 577 phosphate. The presence of the enzymes responsible for these reactions could not be demonstrated in extracts of Arthrobacter globiformis.
When glucose was oxidized by thick suspensions of Arthrobacter globiformis trace amounts of pentoses appeared in the medium (Fig. 4A) . Similarly, pentose was produced when ultrasonic extracts of the organism were incubated with 6-phosphogluconate (Fig. 4 B) . Some ketopentose (presumably ribulose and xylulose phosphates) was formed when the extracts were incubated with ribose-5-phosphate (Fig. 4 C) , though more convincing evidence of the operation of the H A W cycle was the concurrent formation of glucose-6-phosphate (Fig. 5 ) . Ghiretti & Barron (1954) , finding Corynebacteriurn creatinovoram to possess all the constituent enzymes of the EMP pathway, concluded that this could not however be functional since whole organisms and extracts were unable to attack glucose anaerobically. Several investigators have since shown the EMP pathway to be fully operative in organisms which cannot metabolize glucose anaerobically (e.g. Hill 2% Mills, 1954, with Pasteurella tularerzsis; Dawes & Holms, 1958u, with Sarcirba lutea). From the enzymic studies reported above, it was concluded that glucose utilization by Arthrobacter globvormis proceeds by way of both E M P and HMP pathways. Relative importame of E M P and H M P pathwa.ys
Two main methods are available to determine the contributions of the E M P and HMP pathways, both methods being dependent upon the use of specifically [14C]-labelled samples of glucose. In the first method, which is usually to be preferred because of its possible application to normally growing cultures, time lapse studies of 14C0, evolution are performed during oxidation 578 J . G. Morris of labelled glucose (Wang et al. 1958) . The alternative method is based on the analysis of the 14C content and distribution in a product common to both routes. A method in which pyruvate is accumulated, isolated and so analysed was devised by Dawes & Holms (1958b . Briefly the method consists of incubating endogenously-depleted organisms with [14C]-labelled glucose in the presence of a partially inhibitory concentration of arsenite. The excreted pyruvate is isolated as its 2:&dinitrophenylhydrazone and its specific activity determined. Estimation of the proportion of its 14C content which is located in its carboxyl group allows correction to be made for carboxylation-decarboxylation exchange reactions, and when [ l-14C]glucose is used as substrate enables an unequivocal decision to be made as to the existence of the Entner-Doudoroff pathway. The ratio :
corrected specific activity of pyruvate product specific activity of substrate glucose is related to the apparent fraction of pyruvate molecules formed wliich are [14C]-labelled. By calculation, assuming the operation of EMP and HMP pathways only, curves may be constructed to relate this figure to the yo contribution of the HMP pathway to the total metabolism of the substrate glucose. The shape of these standard curves varies with the position of the 14C label in the glucose. Once it has been ascertained with [U-14C] glucose that the endogenous coiitribution to pyruvate formation is negligible, and with [ 1-14CI-glucose that the Entner-Doudoroff pathway is not operative, then those results obtained with [l-14C] glucose are the most likely to be satisfactory over the whole possible range of HMP participation. (Dawes & Holms, 1958b . (Table 7) but growth, though somewhat retarded, was still possible in the presence even of 1 0 -2~ fluoroacetate.
DISCUSSION
drthwbacter globgorill is is an obligate aerobe and it is uncertain whether its inability to ferment glucose is merely due to its not possessing a means for anaerobic oxidation of DPNH. Aerobically, the glucose-6-phosphate produced by the constitutive hexokinase is metabolized by both EMP and HMP pathways, the former predominating in non-dividing suspensions. The resulting pyruvate is further oxidized, possibly by a lipoic acid-dependent (i.e. arsenitesensitive) mechanism to yield acetyl-CoA which enters the TCA4 cycle. Ultimate electron transport to oxygen is probably niediatecl by a cytochrome system. It was therefore to be expected that, as glucose seems to be utilized by A. globiforniis by routes also available to Escherichia coli, their molar growth yields on limiting concentrations of the sugar might be very similar. The finding that they were would, however, seem to refute the suggestion that A. globiforinis is usually well 'adapted to produce the largest amount of growth and to obtain the greatest amount of energy possible from a minimum quantity of sugar' (Conn L ! Darrow, 1934). According to Winogradsky (1925) there exists in all soils an indigenous (autochthonous) microflora whose population remains relatively stable and whose members lead a comparatively unspectacular existence ; this in contrast to the zymogenous microflora whose members flourish only when the soil is enriched with extraneous nutrients and whose numbers are liable to quite dramatic fluctuations. If a real distinction between these two groups is possible, the subsistence of the autochthonous organism in the poorer soils could be a consequence of: (a) simple nutritional requirements; (b) ability to use such substrates as are present at greatly subnormal concentrations; ( c ) extraordinary efficiency of utilization of substrates ; (d) greater adaptability with consequent ability to utilize compounds that are unavailable to members of the zymogenous group.
If all members of the genus Arthrobacter are also members of the autochthonous group of soil micro-organisms then simplicity of nutritional requirements cannot be a characteristic of such organisms for several species, e.g. A. citreus and A . terregens, are highly exacting. Nor, it now appears, if A. globiformis itself is truly representative of autochthonous bacteria in general, can these bc considered to be more efficient in their utilization of substrates, at least of glucose. As an extension of the original concept of 'microbes humivores' (Winogradsky, 1925 ) the suggestion has been made that autochthonous organisms maintain themselves in fallow soils by virtue of their ability to utilize constituents of humic material that are unavailable to other organisms. A. globi,formis does in fact utilize a wide variety of substances for growth and oxidizes many more, Yet so do those pseudomonads whose fluctuating soil
